Myocardial oxygen consumption (MVo2) includes components for 1) mechanical energy generation, 2) activation, and 3) basal metabolism. Whereas the first two components are expected to increase in proportion with heart rate, a significant basal level of metabolism would consume oxygen even if the heart rate were zero. Contrary to this expectation, however, a previous study reported that, during unloaded beats, MVo2 per beat (which includes basal metabolism) was independent of heart rate. Accordingly, unloaded MVo2 per minute would extrapolate to zero at zero heart rate; this result is unexpected considering basal metabolism. To resolve this inconsistency, we varied heart rate over a wide range after inducing atrioventricular block in eight isolated cross-circulated canine hearts that contracted isovolumically. We examined whether a term representing rate-independent basal metabolism was needed to describe MVo2 per minute. Mechanical energy generated by the left ventricle was evaluated from the pressure-volume area, which was altered by changing isovolumic ventricular volume over at least five levels at each heart rate. Contractility, evaluated by the slope of the end-systolic pressure-volume relation, did not vary significantly with heart rate in this study. In contrast to the previous report, unloaded MVo2 per beat (i.e., MVo2 extrapolated to a pressure-volume area of zero) was not constant but fell monotonically with increases in heart rate in every heart. We considered that this trend was caused by a significant rate-independent basal level of MVo2 per minute. Multiple linear regression analysis confirmed that this rate-independent basal term differed significantly from zero in seven of the eight hearts studied. The average basal metabolism was 2.00±0.99 (mean±+SD) ml 02 * min`-' 100 g !eft ventricle`; at low heart rate (-50 beats per minute), this represented 35-60%o of the total unloaded MVo2 per beat. We conclude that a rate-independent basal metabolic component is needed to describe MVo2 per minute and that unloaded MVo2 per beat is a decreasing function of heart rate when rate-dependent contractility is not large. (Circulation Research 1992;71:414- metabolism of myocardium is the largest for any muscular tissue.5,7 Some investigators1'8'9 have indeed suggested that a rate-independent basal metabolic component must be included for any prediction of MVo2. One simple formulation would be MVo2/min=basal metabolism+ (activation + mechanical activity) xHR where HR denotes heart rate. This relation envisions that each beat requires a certain amount of MVo2 related to ionic activation and to crossbridge cycling. These components of MVo2 per minute increase in direct proportion with HR and add to the rate-independent basal metabolism.
Myocardial oxygen consumption (MVo2) includes components for 1) mechanical energy generation, 2) activation, and 3) basal metabolism. Whereas the first two components are expected to increase in proportion with heart rate, a significant basal level of metabolism would consume oxygen even if the heart rate were zero. Contrary to this expectation, however, a previous study reported that, during unloaded beats, MVo2 per beat (which includes basal metabolism) was independent of heart rate. Accordingly, unloaded MVo2 per minute would extrapolate to zero at zero heart rate; this result is unexpected considering basal metabolism. To resolve this inconsistency, we varied heart rate over a wide range after inducing atrioventricular block in eight isolated cross-circulated canine hearts that contracted isovolumically. We examined whether a term representing rate-independent basal metabolism was needed to describe MVo2 per minute. Mechanical energy generated by the left ventricle was evaluated from the pressure-volume area, which was altered by changing isovolumic ventricular volume over at least five levels at each heart rate. Contractility, evaluated by the slope of the end-systolic pressure-volume relation, did not vary significantly with heart rate in this study. In contrast to the previous report, unloaded MVo2
per beat (i.e., MVo2 extrapolated to a pressure-volume area of zero) was not constant but fell monotonically with increases in heart rate in every heart. We considered that this trend was caused by a significant rate-independent basal level of MVo2 per minute. Multiple linear regression analysis confirmed that this rate-independent basal term differed significantly from zero in seven of the eight hearts studied. The average basal metabolism was 2.00±0.99 (mean±+SD) ml 02 * min`-' 100 g !eft ventricle`; at low heart rate (-50 beats per minute), this represented 35-60%o of the total unloaded MVo2 per beat. We conclude that a rate-independent basal metabolic component is needed to describe MVo2 per minute and that unloaded MVo2 per beat is a decreasing function of heart rate when rate-dependent contractility is not large. (Circulation Research 1992;71:414-422)
KEY WORDS * heart rate * isolated canine hearts * pressure-volume area * ventricular energetics U nderstanding the determinants of myocardial oxygen consumption (MVo2) is critical for studying oxygen utilization by the heart.1-4 Much of MVo2 represents the energy required for ionic activation and sarcomere contraction that occur in each beat. Nevertheless, there is a large basal energy requirement for maintaining the integrity of the heart even when it does not beat. Basal metabolism includes energy required for continual protein synthesis and for maintaining compartmentalized differences in ion concentrations (H' in mitochondria, Ca 2+ in sarcoplasmic reticulum, and Na+ and K' inside the cells) against inevitable leaks across membranes. 5, 6 In fact, the basal metabolism of myocardium is the largest for any muscular tissue. 5, 7 Some investigators1'8'9 have indeed suggested that a rate-independent basal metabolic component must be included for any prediction of MVo2. One simple formulation would be MVo2/min=basal metabolism+ (activation + mechanical activity) xHR where HR denotes heart rate. This relation envisions that each beat requires a certain amount of MVo2 related to ionic activation and to crossbridge cycling. These components of MVo2 per minute increase in direct proportion with HR and add to the rate-independent basal metabolism.
A common functional partition of MVo2 divides the total into a component required for pressure generation and a component that is present even though no pressure is generated. Materials and Methods Isolated Heart Preparation A total of eight isolated canine hearts were studied. The procedures used to isolate and support a canine heart were similar to those described elsewhere.13 '14 A schematic of the preparation is presented in Figure 1 . Briefly, in each experiment a pair of mongrel dogs were anesthetized with sodium pentobarbital (30 mg/kg i.v.). The femoral arteries and veins of the larger dog (27) (28) (29) (30) (31) kg, the support dog) were cannulated and connected to a perfusion system used to supply oxygenated blood to the isolated heart. The chest of the smaller dog (22) (23) (24) (25) kg, the heart donor dog) was opened midsternally under artificial ventilation, and the beating heart was excised after establishing metabolic support by arterial blood perfusion from the support dog. The pericardium was removed, and the isolated support heart was hung vertically for subsequent instrumentation. To prevent allergic reaction due to cross circulation, diphenhydramine hydrochloride (25 mg i.m.) and hydrocortisone sodium succinate (500 mg i.v.) were administered to the support dog.
To achieve the primary goal of this study, we needed to obtain measurements of MVo2 over as wide a range of HRs as possible. Since low HRs were particularly important, we induced atrioventricular block in each heart. Through an incision in the right atrial free wall of the isolated heart, the septal leaflet of the tricuspid valve was visualized. After the membranous septum was identified, 0.1-0.2 ml of 10% formalin acetate was injected just dorsal to the membranous septum where the atrioventricular node is located. Atrioventricular block was confirmed by a lower rate of ventricular than atrial contractions and by electrocardiogram. For subsequent ventricular pacing, a pair of electrodes were sewn high on the ventricular septum near the His bundle. Next, the free wall of the left atrium was widely opened, and the chordae tendineae were freed from the mitral leaflets. A brass adapter was sutured to the mitral ring; this provided the means to attach the isolated heart to the ventricular volume servo system.13,14 Next, a water-filled latex balloon, connected to the servo system via the adapter, was placed inside the left ventricular cavity. A micromanometer (model PC-380, Millar, Houston, Tex.), placed inside the balloon, measured left ventricular pressure.
After the latex balloon was introduced into the left ventricular cavity, the right side of the heart was instrumented for MVo2 measurements. That is, a cannula with side holes (5-6 mm i.d.) was placed through the right ventricular apex into both the right ventricle and the right atrium to collect coronary venous blood flow. The right heart as a whole was made airtight by 1) a purse-string suture around the cannula at the right ventricular apex, 2) ligation of the superior and inferior venae cavae, and 3) suturing the incision on the right atrial free wall previously used for creating atrioventricular block. Coronary perfusion pressure was measured at the aortic root with a Statham 23Db transducer.
Changes in oxygen demand, when either HR or the loading conditions of the heart were altered, would vary coronary blood flow via metabolic regulation of the coronary circulation.1'-17 Such changes in the rate of coronary blood flow shunted from the support dog to the isolated heart may have then altered the humoral status of the support dog, which could secondarily affect the state of the isolated heart, especially the contractility of the isolated heart. To eliminate such indirect effects of coronary flow changes, we used two peristaltic pumps (model 1215, Harvard Apparatus, South Natick, Mass.) for perfusing the isolated heart (Figure 1 ). The flow rate of the primary pump, which directly controlled the extracorporeal flow from the support dog, was fixed throughout the period of experiment at a level larger than the maximal coronary blood flow expected. Coronary perfusion pressure was controlled by altering flow through the second pump, which bypassed a part of the primary pump output back to the support dog. This pump was servo controlled so that coronary perfusion pressure could be maintained at a fixed level (:80 mm Hg) regardless of changes in coronary vascular resistance.
The flow of coronary venous blood draining into the right heart and out through the cannula at the right ventricular apex was measured continuously by an ultrasonic flow meter (model T-101, Transonic System, Ithaca, N.Y.). This flow represents total coronary venous flow from both the right and the left ventricles, except for the small amount of thebesian flow draining directly into the left ventricle. This thebesian flow was vented and neglected for coronary flow measurement, since this has been shown to be negligibly small. 18 The difference in oxygen content between arterial and coronary venous blood (AVO2) was measured continuously by absorption spectrophotometry (Avox Systems, Inc., San Antonio, Tex.).19 The arterial pH, Pco2, and Po2 were measured periodically during each experiment to ensure nearly 100% 02 saturation of the arterial blood during periods of data collection. The oxygen consumption of the entire heart including both the left and the right ventricles was calculated from the measurements of coronary blood flow and AVG2. Coronary arterial blood temperature was maintained at approximately 37°C with a heat exchanger.
Experimental Protocol
All experiments were carried out with the left ventricle contracting isovolumically. The average weight of the left ventricle (free wall and ventricular septum) was 140+5 (mean± SD) g and that of the right ventricle was 54±11 g. In each heart, the relation between PVA and MVo2 per beat was obtained at three or four different HRs, the lowest of which was determined by how slowly the heart could be paced; in two hearts, HR could be varied over four different levels. The range of HRs differed from one heart to another (see "Results"). At each HR, left ventricular volume was changed over at least five levels to obtain the PVA-MVo2 relation.
Maximal left ventricular volume and left ventricular pressure reached were 40.5±7.4 ml and 148.6±29.4 mm Hg, respectively, on average from eight ventricles, which resulted in maximal PVA being 1,543 + 286 mmHg ml beat-l 100 g LV-1, where g LV is the average weight of the left ventricle in grams.
Data Analysis
Left ventricular pressure, left ventricular volume, electrocardiogram, AVO2, coronary blood flow, coronary perfusion pressure, and arterial pressure of the support dog were digitized at 500 Hz and stored on a hard disk. These data were analyzed off-line using an IBM AT-compatible personal computer.
PVA, defined as an area circumscribed by the endsystolic pressure-volume relation (ESPVR), the end-diastolic pressure-volume relation (EDPVR), and the systolic segment of the pressure-volume trajectory, is a measure of the total mechanical energy generated by each ventricular contraction.34 Since only isovolumic contractions were studied here, external mechanical work was zero, and PVA consisted of only mechanical potential energy.3,4'20 In each beat, end-systolic left ventricular pressure, which is the same as peak systolic pressure in isovolumic contraction, and end-diastolic pressure were determined, where end diastole was defined as the onset of the QRS complex of the electrocardiogram. At each HR, the data obtained at several volumes were subjected to linear regression analyses to determine the slopes and the volume axis intercepts of ESPVR and EDPVR. PVA was then calculated as the quadrilateral area defined by the end-diastolic pressure-volume point, the end-systolic pressure-volume point, and the volume axis intercepts of ESPVR and EDPVR. The coefficient of determination (r2) of ESPVR was 0.975 +0.019 and that of EDPVR was 0.952+0 026, on average.
When MVo2 is calculated as the product of total coronary blood flow and AVO2, it represents the oxygen consumption of the entire heart including both the right and the left ventricles. However, our interest in this study was left ventricular MVo2. To calculate the fraction of the total that represents left ventricular MVo2, the following procedure was adopted21'22: By continuous hydrostatic drainage of the coronary venous blood returning to the right heart, the right ventricle was kept collapsed, resulting in the assumption that the right ventricle was always mechanically unloaded (not performing any mechanical work). We considered that the MVo2 of the collapsed right ventricle was equal to (right ventricular free wall weight/total ventricular weight) x total biventricular MVo2 as measured when the left ventricle was also unloaded, where total biventricular unloaded MVo2 was estimated as the y axis intercept of the linear regression between measured total ventricular MVo2 versus left ventricular PVA. At each HR, this estimate of right ventricular MVo2 was subtracted from the total to obtain left ventricular MVo2. As Figure 2 , because contractility (as measured by Ees) actually increased slightly, whereas unloaded MVo2 per beat decreased when HR was raised. Moreover, the larger change in unloaded MVo2 per beat occurred with the smaller change in contractility (i.e., in the lower HR range).
Although some increase in contractility was observed in this representative heart, that was not always the case in all the hearts studied. Figure 3 shows the HR effects on contractility in terms of Ees for all eight hearts.
Multiple linear regression analysis showed no statistically significant effect of HR on Ees in this study (p>0.4).
Unloaded MVo2 per Beat Versus HR
The relations between unloaded MVo2 per beat and HR from all the hearts studied are shown in Figure 4A . In every heart, unloaded MVo2 fell monotonically while HR increased, without exception. The nonlinearity of this relation, if any, seemed to be convex to the HR axis.
Since basal metabolism continuously demands energy, we hypothesized that its contribution to the unloaded MVo2 per beat would be proportional to the HR (min) FIGURE 3. duration of a beat (RR interval). Therefore, we also plotted unloaded MVo2 per beat against the RR interval in Figure 4B . The relation was generally linear in each heart. The linearity of the relation between MVo2 per beat and the RR interval means that the relation between MVo2 per beat and HR itself should be hyperbolic, as it appears to be in Figure 4A .
A multiple linear regression analysis of 
Unloaded MVo2 per Minute Versus HR
To visualize any basal metabolic component more directly, we plotted unloaded MVo2 per minute against HR in Figure 5A . Although three hearts showed mild nonlinearity, this relation was generally linear in each heart; thus, linear regression analysis was performed. First, however, we normalized the unloaded MVo2 using its value at the HR of 131 beats per minute, which was the average HR for the pooled data set. Since we did not usually have directly measured data at 131 beats per minute, this was obtained by interpolation with a linear regression analysis applied to the individual data for each heart. The relation between normalized unloaded MVo2 per minute and HR was plotted for all hearts in Figure 5B , and a linear regression was applied to these pooled, normalized data. There was a highly significant relation (r2=0.9562), and the intercept was significantly different from zero (p<0.001). This intercept was interpreted as the basal metabolism per minute.
Multiple Linear Regression Analysis
To evaluate more rigorously whether or not this intercept was significant in each heart, we performed multiple linear regression analyses of Graph showing the estimated oxygen cost for "activation" per beat plotted against HR in each heart. The metabolic cost for activation includes both ionic pumps and unloaded deformation. As a whole, the activation cost per beat did not appear to change with HR. a constant for basal metabolism averaged 0.63+±0.43 ml 02 mi '* 100 g LV', which was significantly less than the SEE from the analysis without any constant (1.07+0.60, p<0.005). In seven of eight hearts, the constant term (i.e., basal metabolism) turned out to be significant. These results mean that the model including the constant term fit better; hence, a significant basal metabolism seems necessary to describe MVo2 per minute. The mean value (+SEE) of the HR-independent term was 2.00±0.99 ml 02' min-1 * 100 g LV-1.
Another way to estimate basal metabolism was multiple linear regression analysis of the pooled data; the dependent variable in this analysis was unloaded MVo2, and the primary independent variable was HR. When dummy variables were used to permit each heart to have a best-fit slope but all hearts were required to have the same y axis intercept (i.e., basal metabolism), this multiple regression analysis produced an HR-independent term equal to 1.91±0.28 ml 02 * mi '* 100 g LV-1 (mean±+SEE). Thus, each method gave similar estimates for basal metabolism.
Once basal metabolism per minute had been estimated for each heart, we calculated the fraction of the total unloaded MVo2 that could be ascribed to basal metabolism at each HR ( Figure 6A ). As expected, the basal proportion became larger in the lower HR range, and the hyperbolic nature of the relation became clear in this plot. Although these ratios varied from heart to heart, when HR decreased to 50 beats per minute, the basal proportion reached 35-60% of total unloaded MVo2.
Finally, after subtracting basal metabolism, we could estimate the oxygen cost of activation (plus unloaded deformation) at different HRs in each heart. As shown in Figure 6B , this component of the oxygen cost per beat was fairly independent of HR. The oxygen cost for activation (plus unloaded deformation) had a mean value (±SEE) equal to 0.038±0.020 ml 02 beat * 100 g LV-1 (i.e., =4 ml 02/min for 100 g LV at 100 beats per minute).
Discussion
The current study provides clear evidence that HR significantly affects the per beat oxygen consumption of the unloaded heart. This dependence on HR could be explained by a significant basal metabolism (=2 ml* min-l 100 g LV`') that would contribute to the unloaded MVo2 per minute even in the absence of contractions. Particularly at low HR (=50 beats per minute), basal metabolism could demand 35-60% of the total unloaded MVo2 per beat.
HR Dependence of Unloaded MVo2 per Beat Is Confounded by HR-Dependent Contractility and the Range of HR Examined
A previous study by Suga et al12 reported that the unloaded MVo2 per beat was independent of HR. This conclusion is thus at variance with the findings of the current study. Although both studies were conducted with blood-perfused canine left ventricles, there were key differences that made it less likely that the previous study would find a significant HR effect. First, by inducing atrioventricular block, we were able to achieve a minimal HR in this study that was much lower than that in the previous study: 75±33 beats per minute (n = 8) versus 123±16 beats per minute (n =15), respec- tively. An unpaired t test showed a significant difference between the two studies (p<0.001). Since the basal metabolism we calculated is the extrapolation to an HR of zero, the closer to zero HR that data is actually obtained, the more confidence one can place in the conclusions. Second, unloaded MVo2 per beat is a hyperbolically decreasing function of HR, as shown in Figure 3A and as expected from Equation 2 . Hence, at high HRs little change in unloaded MVo2 per beat would occur with a change in HR. Since the previous study was performed at HRs higher than those in the present study, it is not surprising that they failed to detect a statistically significant change in unloaded MVo2 per beat. Finally, the overall width of the HR range in the current study was 60% wider than that in the previous study. The The definition that we adopted for basal metabolism is the residual MVo2 per unit time after all HRdependent terms have been deducted (Equation 1). The basal metabolic term includes energy used for preserving the intracellular ionic environment and for maintaining cellular structures by such processes as amino acid transport and protein synthesis and degradation. [4] [5] [6] 31 Quantitatively, Gibbs32 suggested that the contribution of the Na+-K+ pump may account for 5-20% of basal metabolism. The contribution of the sarcoplasmic reticular Ca21 pump has been speculated to account for 15-28%.6 Loiselle5 proposed the possibility that mitochondrial proton pumping could also account for a significant amount of basal metabolism. Finally, the contribution of protein synthesis and degradation was suggested to account for 10-20% of basal metabolism. 32 However, precisely what quantitatively constitutes basal metabolism is still speculative and remains to be investigated.
Several cellular processes that contribute to basal metabolism may vary with HR. This is particularly true of the Na+-K+ and Ca 2+ ion pumps, since the cellular loading of Na+ or Ca2' increases at higher HR. In our formulation (Equation 2), an increased metabolic de- arrest , is in the same range as previous reviews described. '3135 We think that the difference between our estimate and the arrested measurements may be meaningful in that the basal metabolic component of MVo2 in beating hearts is not necessarily identical to that for potassium arrest. For example, elevating the extracellular concentration of potassium is known to increase the resting energy expenditure.6,36 Also, the fact that MVo2 tends to decay during the first few minutes of potassium arrest34 also raises the possibility that basal metabolism differs between beating and potassium-arrested hearts.
Practical Implications
We used the PVA framework to study MVo2, and extrapolating our results would suggest that the relation currently used to predict MVo2 from PVA3,2237 should be revised as follows to include the basal metabolic term:
MVo2/min=(axPVA+bxEes)xHR+c (4) In this equation, c represents the basal metabolism, bXEes represents the energy demands for unloaded deformation and activation (which will vary with the contractile state), axPVA represents the demands by myofilaments for mechanical energy production, and a and b are parameters. Note that MVo2 is predicted per minute by the above equation, whereas the PVA framework previously has been related to MVo2 per beat, primarily. MVo2 per unit time is just as important, however, since the energy fluxes delivered by the coronary system and the demands of systemic organs for cardiac output are both based per unit time.
On the other hand, two recent studies22,37 used a different formula based on the PVA concept to predict MVo2 per minute. The equation used in those studies was MVo2/min=A * HR * PVA+B * HR * Ees+C * HR (5) The third term of this equation was suggested to represent the oxygen cost for basal metabolism per minute. Notice that, in this formulation, the basal metabolic term does not include any HR-independent component. Even though these two studies argued that significant interindividual variability had weakened prospective predictive ability, the lack of an HR-independent term in the equation may also have reduced its predictive ability.
Estimates for the parameters in Equation 4 extend over a twofold to threefold range: a=1.5-3x 10-5 ml 02-mm Hg`1 . ml-l (see Table 1 in Reference 4); b= 2-7x10-3 ml 02 * beat`* mm Hg-1 * ml * 100 g LV-2 (see References 11 and 38), when using values for Ees that are normalized for ventricular mass (see Figure 3) . Parameter values found in the present study were a=2.7xl10-and b=6.6x10`in the same units as given above; as Figure 7 showed, c was found to be 2 ml 02 *min . 100 g LV`1. Averages from the literature would be the most representative values to be used for prospective estimation of MVo2 using Equation 4 . We would suggest the following: a=2.3x 10-5 ml 02-mm Hg-1 * ml-1 (the midpoint of the range cited above); b=5 x10-3 ml 2 * beat`* mm Hg`*ml * 100 g LV-2 (the mean of the result from this study and a previous one"); and c= 1.6 ml 02 mil-l .100 g LV-1
(the mean of the four measurements reported in Figure  7) . Note Second, we did not perform protocols in the current study using ejecting contractions, which are more physiological. However, one of the unique characteristics of the PVA concept is that the oxygen cost is approximately the same for a given amount of PVA whether it is a part of internal potential energy or external stroke work.3'4,20 Therefore, we would expect that the results of the current study could also be applied to the more physiological case of ejecting contractions.
Finally, a minor nonlinearity of the relation (concave to the HR axis) between unloaded MVo2 per minute and HR was perceived in two hearts in this study ( Figure 5 , open circles and closed squares). Whereas the nonlinearity in these two hearts did not match our regression model, the pooled groups data did not provide any support for using a more complex nonlinear model.
Conclusions
Using an HR range wider than that used in previous studies, we examined the effect of HR on myocardial oxygen consumption in the MVo2-PVA framework. Unloaded MVo2 per beat was found to decrease hyperbolically with HR, which was attributed to the reduction of the basal metabolic cost per beat at higher rates. Thus, basal oxygen consumption represents a fixed metabolic cost that is a significant component of the unloaded MVo2 per minute.
